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Abstract 
Modern manufacturing models demand customization, service-orientation and sustainability. The generations of mobile robots will therefore 
have to cope with more complex tasks and rapidly adapt to new situations. This paper deals with the problem of utilizing mobile robots 
efficiently in such manufacturing environments. Mobile robots, thanks to rapid technological development, are not only able to transport 
materials as traditional transporting robots but also perform manufacturing tasks at some machines by using their manipulation arms. These 
manufacturing tasks have lower priority and can be interrupted to allow the mobile robots to carry out multiple transport when needed. The 
performance criteria are to minimize the time required to complete all tasks, i.e. makespan. A heuristic approach based on genetic algorithms is 
developed to find the best solutions for the problem. A numerical example is conducted to demonstrate the result of the proposed approach. 
© 2016 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the International Scientific Committee of the 13th Global Conference on Sustainable Manufacturing. 
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1. Introduction 
The shift in paradigm from mass production to customized 
production in combination with the advances in production 
management has created needs for flexibility, transformability, 
and cost-efficiency, especially in the field of automation and 
robotics [1]. Recently, mobile robots are widely employed in 
industry, e.g. automotive, chemical or pump manufacturing. 
Mobile robot is an interdisciplinary technology that extends 
the application prospective of industrial robots by combining 
robot manipulator mounted upon a mobile platform, a vision 
and tooling system [2]. Consequently, mobile robots are not 
only capable of transporting materials/parts from one location 
to another similar to material handing devices, e.g. automated 
guided vehicle (AGVs) but also able to execute manufacturing 
tasks, e.g. pre-assemblies or quality inspections at machines or 
workstations. Therefore, mobile robots represent flexible and 
sustainable manufacturing assistants with easy adaptability to 
new tasks and missions and ability to compensate for limited 
variability. Furthermore, using mobile robots gains production 
efficiency, i.e. less energy usage or lower tool-changing costs 
than industrial robots (often dedicated and/or fixed) [3]. These 
superior advantages of mobile robots can pave the way for 
meeting the growing needs of production systems. Within the 
scope of this paper, a given problem is considered in a flexible 
manufacturing system (FMS) for scheduling of mobile robots 
of this kind. Nevertheless, to utilize the mobile robots in an 
effective manner requires the ability to properly schedule both 
transporting tasks and manufacturing tasks with respect to the 
needs of manufacturing factories. Therefore, it is important to 
determine in which sequence the mobile robots should process 
those tasks such that they can effectively work under a number 
of practical constraints. 
The problem of scheduling of the mobile robots in an FMS 
has been modeled in some respects comparable to problems of 
scheduling of machines and AGVs. Several exact algorithms 
have been proposed to address these problems. Blazewicz et 
al. [4] study the model of an FMS considering both machine 
and vehicle scheduling and propose a dynamic programming 
approach to achieve optimal production and vehicle schedules. 
This FMS is later formulated in mixed-integer programming 
(MIP) by Bilge and Ulusoy [5]. Caumond et al. [6] study the 
linear formulation of an FMS under the maximum number of 
jobs, limited input and output buffer capacities, empty-vehicle 
trips and no-move-ahead trips. Heuristic methods are also 
well-adapted to study most of the problems of this type. On 
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the one hand, some works are dedicated to simplified forms of 
material handling systems of the FMS considering a transport 
device. Soylu et al. [7] and Dang et al. [8] propose neural 
network and genetic algorithm (GA) approaches to schedule a 
single AGV or transporting robot, respectively. On the other 
hand, many works are undertaken on the FMS scheduling with 
a fleet of AGVs. Bilge and Ulusoy [5] propose an iterative 
method based on the decomposition of the master problem 
into two sub-problems, i.e. machine and vehicle scheduling. 
Ulusoy et al. [9] deal with the problem of simultaneous 
scheduling of machines and AGVs by proposing a genetic 
algorithm that provides a suitable coding scheme to represent 
both dimensions of the search space: operation sequencing and 
AGV assignment. Abdelmaguid et al. [10] introduce a hybrid 
method composed of a GA for scheduling of machines and a 
heuristic for scheduling of vehicles. Lin et al. [11] model an 
AGV system by network structure and propose an effective 
evolutionary approach for solving a kind of AGV problems. 
Deroussi et al. [12] describe an efficient neighboring system 
which is implemented into three different meta-heuristics and 
a new solution representation based on vehicles rather than 
machines. Lacomme et al. [13] introduce a framework based 
on a disjunctive graph to model the joint scheduling problem 
and on a memetic algorithm for machines and identical AGVs 
scheduling. 
Although there have been carried out a number of studies 
related to the class of mobile robot scheduling in an FMS, the 
considered problem in this paper is different in the sense that 
the mobile robots are flexible enough to switch between tasks 
of manufacturing and tasks of transporting, and are allowed to 
preempt their manufacturing tasks to do transporting tasks as 
needed. Nielsen et al. [14] present an MIP model to deal with 
a problem close to the considered one. Nevertheless, Nielsen 
et al. [14] assume that any mobile robot can perform only one 
transporting task whenever a preemption occurs, which is not 
realistic. This paper shall take into account multiple transport 
of the mobile robots within every preemption period, which 
constitutes the main novelty of the problem. The remainder of 
this paper is organized as follows. The problem description is 
presented in the next section and a heuristic approach based on 
GA is developed in the third section. The result of a numerical 
example from the proposed heuristic is illustrated in the fourth 
section. Finally, conclusions and future work are drawn in the 
last section.                           
2. Problem description 
Flexible manufacturing systems are automated production 
systems that are capable of producing a variety of part types. 
Such FMS normally includes automated machines, material 
handling devices, e.g. AGVs or mobile robots, and a central 
control computer. The mobile robots in comparison to AGVs 
provide the system with a much higher level of flexibility that 
is not only to transport parts between the machines but also to 
manufacture tasks. In this work the coordination between such 
mobile robots and machines in the FMS is taken into account, 
which is depicted in Fig. 1. 
Robot 
Controller
Operator
Charging 
Station
Mobile Robot 1
Mobile Robot 2
 
Fig. 1. Typical layout of the FMS with mobile robots. 
There are a number of tasks in the FMS that are classified 
into two types: non-preemptive and preemptive tasks. A non-
preemptive task cannot be interrupted, i.e. each operation in 
this type must be processed without any interruption from its 
starting time to its ending time. Each preemptive task, on the 
contrary, has only one operation that can be interrupted at any 
time. There is no restriction on the number of interruptions or 
on the duration of an interruption. During the manufacturing, 
each preemptive task is manufactured by a mobile robot on a 
specific machine. As being occupied by a preemptive task, a 
mobile robot might be invoked for the transportation of some 
non-preemptive tasks at some times in the scheduling period, 
which leads to a pause in the preemptive task. Any mobile 
robot is able to carry out possibly multiple transportation each 
time it temporarily leaves its preemptive task. An example of 
such preemption cases is illustrated in Fig. 2. The objective is 
to find the best schedule that minimizes the makespan, i.e. the 
time required to complete all tasks.  
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Fig. 2. Illustration of preemption cases. 
To enable the construction of a schedule of machines and 
mobile robots, the following assumptions are made: 
x The first operation of each task is available at a machine at 
the beginning of the scheduling period. 
x The route of each part type is known in advance. 
x Each mobile robot can transport only one kind of parts at a 
time. 
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x The input and output buffer spaces are sufficient. 
x Traveling time is machine-dependent and deterministic.  
x Loading and unloading time are included in the traveling 
time of loaded trips.  
x Processing time is deterministic. 
x Such issues as traffic congestions, mobile robot collisions, 
machine failures or scraps are not considered in this paper. 
Making schedules of machines and mobile robots is a part 
of real-time activities of production planner, which means the 
best solution should be quickly found. Furthermore, since the 
problem is classified into the NP-hard class [12], computation 
time exponentially grows in respect of the size of the problem, 
e.g. more number of tasks, machines and/or mobile robots. It 
is therefore necessary to develop a computationally effective 
algorithm, namely a GA-based heuristic so as to minimize the 
makespan while satisfying a number of practical constraints. 
3. GA-based heuristic 
GA is referred to a stochastic artificial intelligent technique 
providing a solution search process mimics natural evolution 
phenomena [15]. In this section, GA is employed to develop a 
heuristic which is allowed to convert the described problem to 
the way that near optimal solutions could be found. The GA-
based heuristic shown in Fig. 3 consists of the following main 
steps: representation and initialization; decoding operator and 
fitness evaluation; genetic operators with crossover, mutation 
and selection and reparation operator.  
 
Start
Generate the initial population
Decode and evaluate the initial 
chromosomes
Generate offspring by 
crossover, mutation and repair 
Select chromosomes for the 
next generation
Terminate ?
Decode and evaluate offspring
End
No 
Yes 
The best solution
 
Fig. 3. Procedure of GA-based heuristic. 
3.1. Representation and initialization 
For the problem under consideration, a feasible solution or 
schedule can be encoded by a chromosome representing both 
non-preemptive task sequencing and mobile robot assignment. 
Each gene of the chromosome is made up of two parts. The 
first part refers to an operation of a non-preemptive task (non-
preemptive operation) while the second identifies the mobile 
robot carrying out the transportation for that operation. Note 
that the second part of a gene may have a value of zero if the 
first part contains any first operation, which indicates that this 
operation does not need to be transported since it is assumed 
to be available at a machine at the beginning of the scheduling 
period. The chromosome length is equal to the total numbers 
of non-preemptive operations. A feasible chromosome for an 
exemplary scheduling problem with 6 operations of 3 tasks, 3 
machines and 2 mobile robots is illustrated in Fig. 4. 
 
2Task
1 21 2 1Operation
M1 M2M3 M1 M2Machine
11,0 22,221,0 12,1 31,0Chromosome
1 1 3 2 1
3
13,1
M3
 
Fig. 4. Illustration of a feasible chromosome. 
For the initialization, chromosomes in the initial population 
are randomly generated. Each chromosome is built of gene by 
gene. The first part of a gene is assigned an eligible operation 
whose predecessors are assigned. If that eligible operation is 
the first operation, 0 is assigned to the second part. Otherwise, 
one of the mobile robots is randomly chosen. The eligible set 
of operations is updated and the process continues as in Fig. 5.  
Start
Initialize set of first operations (D) 
and set of mobile robots (R)
First operation ?
Select an operation  D and 
assign it to first part of gene
Select a robot  R and assign it to 
second part of gene
Successor exists?
Last operation?
End
Assign 0 to second 
part of gene
Update set D with 
successor
Yes
No
No
Yes
No
Yes
 
Fig. 5. Procedure of the initialization. 
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3.2. Decoding procedure and fitness evaluation 
The decoding operator and fitness evaluation are presented 
in Fig. 6 including a description below. 
 
Start
Input information of a gene
Need robot for 
transportation?
Yes
No
Derive information of robot 
assigned to transport 
non-preemptive operation
Update information of preemptive 
operation processed by robot
Schedule non-preemptive 
operation on assigned machine
Last gene in 
chromosome?
All preemptive 
operations finish?
Update information of 
unfinished preemptive 
operations
Evaluate the fitness of 
chromosome
End
Yes
No
Yes
No
 
Fig. 6. Decoding procedure and fitness evaluation. 
x Step 1: Input information of a gene such as non-preemptive 
operation, predecessor, machine and mobile robot of the 
operation. 
x Step 2: Derive information of the mobile robot assigned to 
transport the operation with its arrival times at machine of 
the operation and machine of the operation’s predecessor 
from its last trip’s destination, machine where it processes 
its preemptive task, machine processing the operation’s 
predecessor and machine assigned to process the operation 
as well as the last operation scheduled on this machine.  
x Step 3: Update information of preemptive task (preemptive 
operation) processed by the mobile robot with the time the 
preemptive operation is suspended and the up-to-date total 
processing time. 
x Step 4: Schedule non-preemptive operation on its assigned 
machine based on the information from Step 2. Then check 
if the current gene is the last gene in the chromosome:  
If not, go back to Step 1.  
Otherwise, check if all preemptive operations finish. If not, 
go to Step 5. If so, go to Step 6. 
x Step 5: Update information of the unfinished preemptive 
operations with their completion times.  
x Step 6: Evaluate the fitness of the chromosome that equals 
the maximum completion time of all non-preemptive and 
preemptive operations. 
3.3. Genetic and repair operators 
Three main genetic operators, namely crossover, mutation 
and selection are employed to generate new offspring at each 
generation [11]. The parent chromosomes are selected based 
on the Roulette-wheel method, and a uniform crossover [10] 
operating with probability Pc is used to combine information 
contained in the parent chromosomes to generate offspring. 
Two mutation operators with probability Pm are employed to 
produce random changes in various chromosomes. The first 
mutation selects two random positions on a chromosome and 
swaps the operations with respect to those positions while the 
second replaces the mobile robot assignment at a gene with 
one of the mobile robots randomly chosen, as shown in Fig. 7.   
 
First 
Mutation
11,0 12,221,0 22,1 31,0
11,0 12,221,0 22,2 31,0
11,0 22,221,0 12,1 31,0
11,0 12,221,0 22,1 31,0
Second 
Mutation
13,1
13,1
13,1
13,1
 
Fig. 7. Mutation operators. 
Chromosomes produced by the first mutation operator may 
be infeasible in terms of precedence constraints. Therefore, a 
repair operator is proposed to validate these chromosomes by 
exchanging locations of operations belong to the same task so 
that a valid sequence is achieved. With the selection operator, 
(μ + λ) selection [15] is employed to choose chromosomes for 
reproduction, which guarantees that the best solutions thus far 
are always in the parent generation. 
4. Numerical example 
In this section, a generated problem is used to examine the 
performance of the proposed heuristic. Nine operations (seven 
of them are non-preemptive and the others are preemptive) of 
five tasks are carried out on five machines. Two mobile robots 
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are considered. A layout of this problem can be seen in Fig. 1. 
Table 1 gives the processing times of the operations and the 
precedence relationships among the operations of each task. 
The traveling times of the mobile robots from one machine to 
another are given in Table 2. 
Table 1. Task description. 
Task Operation Machine Mobile robot Processing time 
(time unit) 
1 11 M1 - 28 
 12 M3 - 40 
2 21 M2 - 32 
 22 M1 - 26 
 23 M3 - 42 
3 31 M2 - 38 
 32 M3 - 46 
4 41 M4 R1 100 
5 51 M5 R2 90 
Table 2. Traveling time of mobile robots (time unit). 
From/To M1 M2 M3 M4 M5 
M1 0 8 8 10 10 
M2 10 0 14 8 10 
M3 8 12 0 10 12 
M4 12 10 12 0 16 
M5 10 10 14 10 0 
 
For GA parameters, the population size of 50 is used and 
probabilities of crossover Pc and mutation Pm are set to be 0.6 
and 0.1, respectively. The termination of the heuristic is stop 
at the generation of 200 or if no improvement is made after 50 
consecutive generations. The heuristic has been programmed 
in VB.NET and run on a PC having an Intel® Core i5 2.67 
GHz processor and 4GB RAM. 
 
Time0 20 40 60 80 100 120 140 160
M5, R2
M4, R1
M2
M3
M1
21 31
41
51
11
12
22
23
51
41
32
41
i’j’
Non-preemptive operation j task i
Preemptive operation j’ task i’
Empty trip
Loaded tripi’j’
ij
 
Fig. 8. Gantt chart for the best solution. 
The best solution obtained is given as: 11,0 - 21,0 - 22,2 - 
31,0 - 12,1 - 23,2 - 32,1. The time required to complete all 
tasks or make span is 164 time units and the computation time 
in this case is less than a second. Fig. 8 depicts the solution on 
the Gantt chart where the colored horizontal bars illustrate the 
preemptive tasks while the others refer to operations of non-
preemptive tasks, and the continuous arrows are loaded trips 
while the dashed arrows imply empty movements. It can be 
seen form Fig. 8 that robot R1 has to interrupt its preemptive 
task/operation 41 twice to carry out the transportation for non-
preemptive operations 12 and 32. These interruptions divide 
preemptive task 41 into the three separate segments as shown 
in the Gantt chart. On the other hand, robot R2 halts work on 
preemptive task 51 once in order to carry out two consecutive 
transportation for non-preemptive operations 22 and 23 before 
going back to its workstation. Thus far the generated problem 
instance has illustrated the result of the proposed heuristic.      
 
5. Conclusions 
This paper studies a scheduling problem of machines and 
mobile robots under consideration of preemptions in an FMS. 
The main novelty of this study lies in the fact that the mobile 
robots must interrupt their preemptive tasks in order to carry 
out possibly multiple transportation of non-preemptive tasks 
as needed. A GA-based heuristic is proposed to find the best 
solutions for the problem whose objective is to minimize the 
makespan. The numerical example shows that the proposed 
heuristic is significantly fast to obtain the best solution, which 
is useful to production managers for decision making at the 
operation level. For further research, to quantify the scale of 
benefits achieved by the proposed heuristic, a mathematical 
programming approach should be considered. In addition, re-
scheduling mechanism based on the obtained schedules and 
feedback from the shop floor shall be developed to deal with 
real-time disturbances such as machine or robot breakdowns.        
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